Ovulation and oocyte-pick-up are essential processes in fertilization. Herein, we found associations between autoimmune disease and the aforementioned processes in mice. At three and six months, along with the evaluation of autoimmune disease indices, the ovary, mesosalpinx, and oviducts were histologically examined in C57BL/6, MRL/MpJ, and MRL/MpJ-Fas lpr/lpr mice as healthy control, mild and severe models of autoimmune disease, respectively. In superovulated mice, the number of ''oocyte cumulus complexes'' found in the ampulla was macroscopically counted, and that of ''ovulated oocytes'' was histologically evaluated, as indicated by ruptured follicles or corpora hemorrhagica in ovaries. Finally, the oocyte-pickup rate was calculated. In MRL/MpJ-Fas lpr/lpr mice, the oocyte-pick-up rate decreased with disease-related deterioration, unlike in other mouse strains. Further, more ovulated oocytes were found in MRL/MpJ mice than in C57BL/6 mice, and this number significantly decreased with aging in MRL/MpJ-Fas lpr/lpr mice. Numerous T-cells infiltrated into the infundibulum or a part of the mesosalpinx in aged MRL/MpJ-Fas lpr/lpr mice, and their infundibulum showed swelling and fewer ciliated epithelial cells compared to that of C57BL/6 mice. In conclusion, the progression of severe autoimmune disease affected the oocyte-pick-up process through histopathological changes in the infundibulum. These results provide important insights into female infertility associated with autoimmune disease. Lupus (2018) 27, 82-94.
Introduction
In the animal sciences, including veterinary medicine, ''infertility'' is a serious problem in farm animals and endangered wild animals from the perspective of economic loss and environmental preservation, respectively. [1] [2] [3] Similarly, human infertility underlies the decreased birth rates in various countries. 4 Mammalian infertility is caused by complex factors in individuals of both sexes. Particularly, female-related factors have been widely investigated. Briefly, functional or morphological changes in reproductive organs such as the ovary, oviduct, and uterus, triggered by abnormalities in the genomic background, endocrine profile, metabolic condition, or the immune system, can cause infertility. 5, 6 However, approximately 40% of female infertility cases are caused by medically unidentified factors. 7 Mammalian oocytes are ovulated into the peritoneal or bursal cavity and picked-up by the infundibulum section of the oviduct, defined as ''oocytepick-up'' in this study. These ovulated oocytes, aided by epithelial ciliary movement, are further carried into the ampulla, where fertilization occurs. [8] [9] [10] Ovulation and oocyte-pick-up are essential for the progression of fertilization, and any abnormality in these processes can cause female infertility. 9, 11 Ovulation disorders due to ovarian cysts are frequently diagnosed in cows, 12 and obstructed oviducts are occasionally found in cows and mares. 13 Furthermore, approximately 20% of infertile human females present some oviduct abnormalities. 6, 14 Importantly, autoimmune diseases may exacerbate female infertility in human and rodent models. Several autoimmune diseases, including polyglandular autoimmune syndrome and autoimmune polyendocrinopathy-candidiasisectodermal dystrophy can cause premature ovarian failure in humans. 15 Furthermore, our previous study revealed the pathological relationship between autoimmune diseases and female reproductive function in MRL/MpJ (MRL/þ) mice, a representative murine model for autoimmune diseases. 16 MRL/MpJ-Fas lpr/lpr (MRL/lpr) mice exhibited more severe phenotypes compared to MRL/þ mice because of the lpr mutation in Fas, a crucial apoptotic factor, 17 and manifested ovarian abnormalities characterized by a reduced number of ovarian follicles and corpora lutea, additional infiltrating lymphocytes within the ovarian interstitium, and partially stratified ovarian surface epithelia with more developed microvilli. 16 Moreover, MRL/þ aging mice developed ovarian cysts derived from the rete ovarii. 18, 19 Thus, these autoimmune disease-related ovarian phenotypes might affect ovulation and oocyte-pick-up; nonetheless, the details of their pathological features remain unclear in humans and animals.
Herein, we evaluated ovulation and oocytepick-up in MRL/þ mouse models for autoimmune disease. To investigate the decreased efficiency of oocyte-pick-up by oviducts in MRL/lpr mice during the progression of autoimmune disease, we developed a novel method to analyze ovulation and oocyte-pick-up. Additionally, in MRL/lpr mice, oviducts showed morphological abnormalities of cilia in epithelial cells. These results strongly indicate that autoimmune disease affects ovulation and particularly oocyte-pick-up. Therefore, our findings provide insight into the pathogenesis of autoimmune disease-related mammalian infertility.
Materials and methods

Animals
Animal experimentation was approved by the Institutional Animal Care and Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University. Experimental animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals, Graduate School of Veterinary Medicine, Hokkaido University (approved by the Association for Assessment and Accreditation of International Laboratory Animal Care). Female C57BL/6 (B6), MRL/þ, and MRL/ lpr mice were obtained from Japan SLC Inc (Hamamatsu, Japan). Mice at 3 and 6 months of age were confirmed to have normal estrous cycles by monitoring vaginal smears. All mice were euthanized by severing the carotid artery under deep anesthesia, using a mixture of medetomidine (0.3 mg/kg), midazolam (4 mg/kg) and butorphanol (5 mg/kg).
Evaluation of serum autoantibodies
Serum anti-double-stranded DNA (dsDNA) antibody levels were measured to evaluate systemic autoimmune conditions using the Mouse AntidsDNA immunoglobulin G (IgG) (Total A þ G þ M) enzyme-linked immunosorbent assay (ELISA) kit (Alpha Diagnostic International, San Antonio, TX, USA) according to the manufacturer's instructions.
Evaluation of ovulation and oocyte-pick-up by the oviduct
Superovulation treatment
To assess the oocyte-pick-up-rate without superovulation is difficult and inefficient because ovulation timing varies. Therefore, superovulation treatment was conducted. Pregnant mare serum gonadotropin (PMSG, ASKA Animal Health Co., Ltd., Tokyo, Japan) was injected intraperitoneally into mice (200 ml of 37.5 IU/ml per head). After 48 hours following PMSG injection, these mice were injected intraperitoneally with the same dose of human chorionic gonadotropin (hCG), (ASKA Animal Health Co., Ltd., Tokyo, Japan). After 24 hours following hCG injection, the ovaries and oviducts were collected and immediately stored in 0.01 M phosphate-buffered saline (PBS).
Measurement of oocyte-pick-up rate by the oviduct (a) Number of oocyte cumulus complexes (OCCs):
OCCs were defined as oocytes picked-up by the infundibulum and found in the ampulla of oviducts. Under a stereoscopic microscope, oviducts were carefully stretched and cut off from the uterus at the uterine ostium. On a glass dish, 300 ml of 0.01 M PBS was perfused from the ostium of the infundibulum to the opening beside the uterine ostium using a 21G needle; OCCs in the ampulla were extracted, and counted. (b) Number of ovulated oocytes: The same mice used for measuring OCCs were examined. ''Ovulated oocytes'' were defined as oocytes before pick-up. After counting OCCs, ovaries were fixed with 4% paraformaldehyde (PFA) at 4 C overnight, embedded in paraffin, and cut into 10 mm-thick serial sections. Using serial hematoxylin-eosin (HE)-stained sections, the total number of ruptured follicles and corpora hemorrhagica, containing no oocytes inside the follicular antrum, were counted as alternative values reflecting ovulated oocytes. Furthermore, in MRL/þ and MRL/lpr mice, the total number of corpora lutea was added to the total number of ruptured follicles and corpora hemorrhagica to calculate the number of ovulated oocytes. (c) Calculation of oocyte-pick-up rate: From values (a) and (b), the oocyte-pick-up rate was calculated as follows:
Oocyte-pick-up rate (%) ¼ 100 Â number of OCCs (a)/number of ovulated oocytes (b).
Histological analysis
Ovaries and oviducts were collected at 3 and 6 months of age and fixed with 4% PFA at 4 C overnight, embedded in paraffin, and cut into sections (3 mm-thick) that were deparaffinized and stained with HE. 
Immunohistochemistry
Sections were incubated in 20 mM Tris-HCl (pH 9.0) (for CD3, T-cell marker) or 10 mM citrate buffer (pH 6.0) (for alpha smooth muscle actin, aSMA; SMA marker) for 20 minutes at 105 C. Sections were then soaked in methanol containing 0.3% H 2 O 2 . Sections blocked in 10% normal goat serum for 30 minutes at room temperature were incubated with rabbit anti-CD3 (1:200, Nichirei, Tokyo, Japan) or rabbit anti-aSMA (1:3,000, Abcam, Tokyo, Japan) at 4 C overnight. After three washes in PBS, sections were incubated with biotin-conjugated goat anti-rat IgG antibody for 30 minutes, and washed and incubated with a streptavidin-biotin complex (SABPRO Kit, Nichirei, Tokyo, Japan) for 30 minutes at room temperature. Sections were then incubated with 3, 3'-diaminobenzidine tetrahydrochloride-H 2 O 2 solution, and lightly stained with hematoxylin.
To quantify the degree of T-cell infiltration in the infundibulum, the number of CD3-positive T-cells per 1 mm 2 was counted using the BZ-X Analyzer of the BZ-X710 Fluorescence Microscope (Keyence, Osaka, Japan).
Ultrastructural analysis
For scanning electron microscopy (SEM), a perfusion fixation was performed on B6 and MRL/lpr mice at 3 and 6 months of age. Briefly, the vena cava was cut and released under deep anesthesia; 20 ml of PBS and fixing solution, containing 2.5% glutaraldehyde and 2% PFA, was perfused from the left ventricle into the whole body. To examine the infundibulum, ovaries and oviducts were collected and carefully detached from each other. Glutaraldehyde-fixed oviducts were post-fixed with 1% osmium tetroxide in 0.1 M phosphate buffer for one hour at 4 C, incubated in 1% tannic acid for one hour, and post-fixed with 1% osmium tetroxide for one hour. Specimens were dehydrated gradually in alcohol, transferred into 3-methylbutyl acetate, dried using an HCP-2 critical point dryer (Hitachi, Tokyo, Japan), and examined on an S-4100 SEM (Hitachi) after ion-spatter coating.
Statistical analysis
Results are expressed as mean AE standard error (SE) and statistically analyzed in a non-parametric manner. Two groups were compared using the Mann-Whitney U-test (p < 0.05). The KruskalWallis test was used to compare over three groups; multiple comparisons were performed using Scheffe´'s method when significant differences were observed (p < 0.05). Correlations between two parameters were analyzed using Spearman's correlation test (p < 0.05).
Results
Indices of autoimmune disease
Mice were pathologically examined at 3 and 6 months of age ( Figure 1 ). For autoimmune disease indices, the spleen weight to body weight (S/B) ratio in MRL/lpr mice was highest among strains at both 3 and 6 months of age, and increased significantly at 6 months compared with 3 months (Figure 1(a) ). Serum levels of anti-dsDNA antibodies were also significantly higher in MRL/lpr mice at both ages than in other strains ( Figure 1(b) ). As described previously, 16 numerous CD3-positive T-cells were observed in the ovarian interstitium of MRL/lpr mice at three months that were more prominent at 6 months ( Figure 1(c) ). However, they were scarce in B6 and MRL/þ mice at both ages. The number of CD3-positive T-cells in the ovaries was measured by histoplanimetry. MRL/lpr mice showed the highest values at both ages, which increased significantly at 6 compared with 3 months (Figure 1(d) ). Thus, autoimmune disease phenotypes were obvious in MRL/lpr mice and worsened at 6 months.
The same results were previously obtained in our earlier study. 16 However, because this MRL/lpr strain shows individual differences in autoimmune disease phenotypes, it is quite important to evaluate the autoimmune abnormalities and the inflammatory conditions in the female genital systems by using several indices, including the S/B and the T-cell numbers in the ovary, in each experiment. Furthermore, in the present study, by using these autoimmune phenotype indices, the correlation between the systemic or local autoimmune condition and the ovulation or oocyte-pick-up function were analyzed in each mouse.
Ovulation and oocyte-pick-up
At 3 months, the number of ovulated oocytes in MRL/þ (28.0 AE 0.8) and MRL/lpr mice (20.9 AE 1.8) was significantly higher than that in B6 mice (9.2 AE 1.7) (Figure 1(e) ). At 6 months, the number of ovulated oocytes in MRL/lpr mice (11.2 AE 2.0) was significantly reduced compared to that at 3 months. However, the values in B6 (10.8 AE 0.9) and MRL/þ mice (24.8 AE 1.2) were almost identical during the examined periods. Similarly, the number of OCCs at 3 months was significantly higher in MRL/þ(44.0 AE 4.5) and MRL/lpr mice (20.5 AE 1.7) than in B6 mice (8.7 AE 1.3) (Figure 1(f) ). Moreover, the number of OCCs in MRL/lpr mice was significantly reduced at 6 months compared to 3 months; however, there was no significant age-related difference in both B6 and MRL/þ mice. The OCCs presented no morphological differences among the three strains (data not shown). The oocyte-pick-up rate was calculated based on the data in Figure 1 (e) and (f) (Figure 1(g) ). The oocyte-pick-up rate did not change with the age of B6 (96 AE 2.9% at 3 months, 86.0 AE 5.0% at 6 months) and MRL/þ mice (157.2 AE 9.7% at 3 months, 131.0 AE 15.7% at 6 months). However, the oocyte-pick-up rate in MRL/lpr mice declined significantly at 6 months (94.0 AE 3.6% at 3 months, 63.0 AE 9.6% at 6 months).
Given that the oocyte-pick-up rate of MRL/þ mice was over 100%, we considered the possibility that MRL/þ-background mice displayed premature corpus luteum formation. We therefore counted the corpora lutea in addition to the number of ruptured follicles and corpora hemorrhagica, in MRL/þ and MRL/lpr mice (Figure 1(h) ), which resulted in 44.2 AE 1.6 versus 40.3 AE 2.3, and 26.7 AE 1.8 versus 17.6 AE 2.2, at 3 and 6 months, in MRL/þ and MRL/lpr mice, respectively. Furthermore, the oocyte-pick-up rate was calculated, including the number of corpora lutea (Figure 1(i) ). This value in MRL/þ mice approached 100% (98.8 AE 8.2% at 3 months, 81.0 AE 9.7% at 6 months) compared to the results in Figure 1(g) . However, the oocyte-pick-up rate including corpus luteum was significantly lower in MRL/lpr mice (72.6 AE 3.5% at 3 months, 45.6 AE 7.2% at 6 months) than in B6 and MRL/þ mice at both ages. Furthermore, this value in MRL/lpr mice significantly declined with age.
Correlations between the ovulation or oocyte-pick-up indices and autoimmune disease
To confirm whether autoimmune disease can affect ovulation and the oocyte-pick-up function of the oviduct, we performed correlation analyses ( Table 1 ). The number of ovulated oocytes positively and negatively correlated with S/B in B6 and MRL/lpr mice, respectively. Furthermore, the number of T-cells in the ovary and the levels of serum anti-dsDNA antibodies positively correlated with those in B6 and in all mice used in the study, respectively. The number of ovulated oocytes including those of the corpus luteum and of OCCs had the same correlation pattern with autoimmune disease parameters. However, the oocytepick-up rate of all mice and of MRL/lpr mice was significantly negatively correlated with S/B and with the number of T-cells in the ovary, respectively; this rate, however, also showed a positive correlation with the levels of serum anti-dsDNA antibodies in MRL/lpr mice. Furthermore, the oocyte-pick-up rate including corpus luteum negatively correlated with all three autoimmune disease parameters in all mice. In MRL/lpr mice, this rate negatively correlated with S/B only.
Histological features of the infundibulum
Considering the decreased oocyte-pick-up rate in MRL/lpr mice, we next examined the histopathology of the infundibulum during aging and the estrous cycles (Figure 2 ), since they are crucial for oocyte-pick-up. 10 Histologically, the ovary and the infundibulum are surrounded by the ovarian sac (Figure 2(a) ). In all strains, the epithelium of the infundibulum comprised ciliated and microvillous epithelial cells; however, these cell populations appeared to change with the estrous cycle ( Figure  2(b) ). Briefly, in all strains at 3 months, ciliated epithelial cells were more abundant in the estrus than in the anestrus phase, as confirmed by histoplanimetry (Figure 2(c) ). Characteristically, in MRL/lpr mice, the percentage of ciliated epithelial cells at 3 months (84.0 AE 1.0% at estrus, 78.0 AE 1.0% at anestrus) significantly decreased at 6 months (74.0 AE 1.0% at estrus, 72.0 AE 1.0% at anestrus) (Figure 2 (b) and (c)). However, these percentages did not change with aging in B6 and MRL/þ mice. Notably, the percentage of ciliated cells in 6-month estrus MRL/lpr mice was the lowest in all strains at estrus and anestrus.
In addition, few CD3-positive T-cells were observed in the lamina propria and in the muscle layer of the infundibulum in B6 and MRL/þ mice throughout the estrous cycle at both ages (Figure 3(a) and (b)). However, there were numerous CD3-positive T-cells in 6-month-old MRL/lpr mice that were more notable at the anestrus compared with the estrus phase (Figure 3(a) and (b) ). Six-month-old MRL/lpr mice showed a significant increase in CD3-positive T-cells compared to other strains at both stages (Figure 3(b) ). Further, these values significantly increased in 6-month compared to 3-month-old MRL/lpr mice. MRL/lpr mice also exhibited an abundance of CD3-positive T-cells infiltrated among aSMA-positive smooth muscle cells in a part of the mesosalpinx at 6 months (Figure 3(c) to (e)).
Ultrastructure of the infundibulum
Next, we examined the ultrastructure of the infundibulum epithelium in B6 and MRL/lpr mice.
The infundibulum in all mice resembled an elliptical dome with folds, and the fissure-like abdominal opening of oviducts was observed at the center of the infundibulum (Figure 4) . At 6 months, the infundibulum of MRL/lpr mice at both stages of the cycle swelled up widely in the ovarian sac compared with that of B6 mice at each stage.
When studying the surface of the infundibulum ( Figure 5 ), we observed that it was covered by numerous ciliated and some microvillous epithelial cells. At both estrus and anestrus, the orientation of the cilia in MRL/lpr mice showed randomized patterns. These differences were more noticeable at 6 months, and led to a rougher epithelial surface in MRL/lpr mice compared to that in B6 mice. Further, at anestrus, the number of ciliated and microvillous cells covering the surface was lower and higher, respectively, in MRL/lpr mice at 6 months compared to that in MRL/lpr mice at 3 months and B6 mice at 6 months.
Discussion
First, the number of both OCCs and ovulated oocytes was significantly higher and tended to decrease with age in MRL/þ-background mice compared to that in B6 mice. A significant agerelated decrease was observed in MRL/lpr mice, which manifested a severe autoimmune disease phenotype. These results indicate that the MRL/þ genomic background results in high ovulation or pick-up number; however, a significant age-related decrease of these features in MRL/lpr mice might be caused by autoimmune disease because of the lpr mutation in Fas. values when the number of corpora lutea is accounted; S/B: ratio of spleen weight to body weight; Anti-dsDNA: anti-double-stranded DNA.
Autoimmune abnormality affects ovulation and oocyte-pick-up in MRL/MpJ-Fas M Hosotani et al.
The process from follicular development to ovulation is ingeniously controlled by several hormones, including inhibin and activin that are produced in the ovary, or by anterior pituitary hormones. 20 Furthermore, genetic traits seem to affect the ovulation process in mammals, as the mutation of bone morphogenetic protein 15 increases the ovulation rate in sheep. 21 Interestingly, a previous study reported that MRL/þ mice show accelerated folliculogenesis . #: comparison between stages at same age within the same strain (Mann-Whitney U-test, p < 0.05). y: significant age-related difference at the same stage in the same strain (by Mann-Whitney U-test, p < 0.05). Significant differences between B6 mice and MRL/lpr mice at the same age; stages are indicated as B and L, respectively (Kruskal-Wallis test followed by Scheffe´'s method, p < 0.05). B6: C57BL/6, MRL/þ: MRL/MpJ, MRL/lpr: MRL/MpJ-Fas lpr/lpr . The number of T-cells are counted at ''estrus'' including proestrus and estrus and ''anestrus'' including metaestrus and diestrus. compared with B6 mice during the neonatal period. 22 Furthermore, although aged MRL/þ mice show an autoimmune disease-prone phenotype 23 and develop ovarian cysts that appear in various ratios at four to seven months, 18 6-month-old MRL/þ mice investigated in the present study had no autoimmune disease symptoms or ovarian cystic features. Therefore, high ovulation or pick-up number in MRL/þ-background mice may be derived from several genetic factors related to the ovulation process, and it is important to analyze their effects on folliculogenesis or hormonal regulation.
With regard to ovulation, the number of ovulated oocytes showed a positive correlation with the S/B ratio and the number of T-cells in the normal control, B6 mice. Increasing evidence suggests that the success of female reproduction Figure 4 Morphological differences in the infundibulum in mouse oviducts between different estrous stages, strains, and ages. Morphological features of the infundibulum at estrus and anestrus stages in B6 and MRL/lpr mice are shown as scanning electron microscopy images. As shown using arrows, in MRL/lpr mice at 6 months of age, the infundibulum expands in the ovarian sacs. The white squares in all panels are magnified in Figure 5 . Bars ¼ 100 mm. B6: C57BL/6; MRL/lpr: MRL/MpJ-Fas lpr/lpr .
depends on the fine balance between inflammatory and anti-inflammatory processes and on various immune cells including T-cells. 24 Accordingly, Tcells might play a positive physiological role in ovulation. Further, the serum level of anti-dsDNA antibodies positively correlated with the number of both OCCs and ovulated oocytes in all mice used in the present study. The serum level of antidsDNA antibodies is one of the hallmarks indicating autoimmune disease progression, and this level increased significantly in 6-month-old mice in our study. However, these antibodies do not completely Figure 5 Ultrastructural differences in the infundibulum epithelium in mouse oviducts among different estrous stages, strains, and ages. The infundibulum epithelial surface at both estrus and anestrus stages in B6 and MRL/lpr mice is shown as scanning electron microscopy images. The epithelium is covered with abundant cilia (arrows), and some microvillous epithelial cells are observed (asterisks). Bars ¼ 10 mm. B6: C57BL/6, MRL/lpr: MRL/MpJ-Fas lpr/lpr .
correlate with the progression of autoimmune disease. 25 Anti-dsDNA antibodies are produced by immune cells through the recognition of dsDNA derived from dead cells. 26 Therefore, the changes in systemic or local ovarian conditions through folliculogenesis and ovulation might cause the physiological increase in serum anti-dsDNA antibody levels in mice. However, the number of ovulated oocytes in MRL/lpr mice negatively correlated with S/B. Moreover, Fas-mediated cell death is involved in the maintenance of follicular development in mice. 27 Taken together, an excessive immune response and/or abnormal apoptosis due to the lpr mutation might alter the ovulation function in MRL/lpr mice.
In this study, the oocyte-pick-up rate was used as the index for measuring the pick-up function of the oviduct. Our result showing that the normal control strain, B6 mice, had approximately 100% of the oocyte-pick-up rate, indicates the accuracy of this novel method for oocyte-pick-up evaluation in mice. Interestingly, the oocyte-pick-up rate was over 100% in MRL/þ mice. This result leads to the speculation that several ruptured follicles could not be found on histological sections because ovulated follicles develop into corpora lutea more quickly in MRL/þ-background mice than in B6 mice. Several studies indicate that MRL/þ mice show unique repair abilities in various tissues, 28, 29 suggesting the possibility that MRL/þ mice present an earlier repair process of ruptured follicles. Therefore, we also counted the number of corpora lutea in MRL/þ-background mice, resulting in nearly 100% of the oocyte-pickup rate in MRL/þ mice. Therefore, in MRL/þ-background mice, the values of the oocyte-pick-up rate calculated including the number of corpora lutea would be more accurate than the values calculated only with ruptured follicles. This result indicates that MRL/þ-background mice have a unique ability to repair the ovulated regions in their ovary.
Remarkably, at six months, the oocyte-pick-up rate of only MRL/lpr mice was significantly decreased compared to that of 3-month-old mice, and showed negative correlations with indices of autoimmune disease even after the inclusion of the corpus luteum number in this calculation. This result indicates that the pick-up function was reduced with the progression of autoimmune disease. Although MRL/þ mice also showed an exacerbation of the autoimmune disease phenotype with aging, only MRL/lpr mice showed a reduction in the oocyte-pick-up rate. Therefore, only severe immune defects, such as the significant local infiltration of inflammatory cells, or abnormal apoptosis due to the lpr mutation in Fas might affect the pick-up function in MRL/lpr mice.
Oocyte-pick-up by the infundibulum is a complex process that involves both ciliary beating and adhesion between the oviductal epithelium and the OCC. [8] [9] [10] Normally, both the inner and outer surfaces of the infundibulum are covered with ciliated cells. [8] [9] [10] 30 In MRL/lpr mice at 6 months, the ciliated epithelial cells of the infundibulum were fewer in number at estrus than in same aged B6 mice, both histologically and ultrastructurally. The decrease in the percentage of ciliated cells may cause the difficulty in transferring oocytes into the lumen of the oviduct. Further, the arrangement of cilia was randomized in MRL/lpr mice at 6 months at estrus. The regular swinging movement of cilia toward the ostium plays a key role in transferring oocytes into the ampulla, 9, 31, 32 suggesting that an altered ciliary morphology in the MRL/lpr mice may induce the oocyte-pick-up dysfunction.
Forkhead box protein J1 (Foxj1) levels might be the link between autoimmune disease and the ciliary abnormality. Foxj1 regulates the development of ciliated epithelial cells, and Foxj1 mutant mice lose ciliary motility in the oviduct. 33 Moreover, Foxj1 is significantly downregulated in lymphocytes from lupus-prone mice and inhibits spontaneous autoimmunity. 34, 35 Importantly, in 6-month-old MRL/lpr mice, numerous T-cells were observed in the epithelia of the infundibulum. Despite no evidence to prove the direct effects of autoimmune disease on the pick-up function, the evaluation of Foxj1 expression in MRL/lpr mice might be able to link autoimmune disease and the oocyte-pick-up dysfunction caused by ciliary abnormalities.
There are considerable species-specific differences in the morphology of the oviduct. For example, the infundibulum of mice is much smaller than the ovary, while that of rabbits is large enough to cover much of the ovary. 30 The infundibular smooth muscle contraction does not appear to be necessary for oocyte-pick-up in rabbits, 36 while this is unknown in mice. Owing to the small size of the infundibulum, it is more likely that the smooth muscle moves the infundibulum along the ovary surface in the ovarian sac in mice. Ultrastructurally, the infundibulum of MRL/lpr mice at 6 months extended widely in an abnormal manner within the ovary sac, and this macroscopic morphological abnormality may interfere with the movement of the entire infundibulum for the finding and pick-up of oocytes. Further, in 6-month-old MRL/lpr mice, the infiltration of numerous T-cells among smooth muscle cells in the mesosalpinx was observed (Figure 3(c) ), which may also cause difficulty in the movement of oviducts. Thus, our result suggests that the mesosalpinx may play an important role in the pick-up function.
Although the number of pups in MRL/lpr mice was similar to that in B6 and MRL/þ mice (data not shown), the accurate fertility rate was evaluated based on the oocyte-pick-up rate. A clarification is needed to understand the pathological considerations of the abnormal oocyte-pick-up. In mice, oocytes are released into the periovarian space at some distance from the oviducts. The decreased oocyte-pick-up rate in MRL/lpr mice might suggest a failure of oocyte-pick-up into the abdominal ostium of the oviduct; however, in mice, the oocytes are prevented from escaping into the peritoneal cavity because both the ovary and the oviduct are surrounded by the mesovarium, and connected by the ovarian bursa. 30 Furthermore, we have to consider the possibility that superovulation may affect or enhance the progression of autoimmune disease or the morphological abnormalities of oviducts in mice. Further studies are needed to clarify the oocyte-pick-up rate in relationship to the nature of ovulation and the fate of the oocytes that fail to enter the ostium in MRL/lpr mice.
In conclusion, we demonstrated the correlation between the progression of autoimmune disease and the function of ovulation or oocyte-pick-up. Our findings provide a new viewpoint in understanding infertility due to autoimmune diseases, in the area of human and veterinary medicine.
